such data greatly expands our ability to cover more highways without installing infrastructure sensors.
crashes increase by about three percent (5) . Secondary crashes can account for twenty percent of all 7 crashes and eighteen percent of all fatalities on US freeways (1, 6) . Moreover, secondary crashes lead to 8 additional traffic delays as more recovery time needed to clear their impact. Thus, the prevention of 9 secondary crashes has been recognized as a high priority in traffic incident management (TIM) (6).
10
Transportation agencies attempted to develop TIM programs to improve safety for travelers by 11 reducing the risk of secondary crashes (7, 8) . In order to initiate appropriate countermeasures, the 12 underlying mechanisms of secondary crash occurrences need to be known. Prior to exploring the casual 13 relationship between secondary crashes and possible explanatory variables, one key step is to first identify 14 the secondary crashes, as these crashes are not labeled as secondary crashes in the police crash reports. 15 When reporting the crashes, each crash is independently documented, and the potential link between a 16 pair of crashes is lost. To overcome the issue, previous research developed a number of approaches based 17 on static thresholds (9, 10), queuing models (11, 12) and sensor data (13, 14) to establish the link between 18 a potential secondary crash with the primary one. Previous studies provided important procedures to 19 highlight the secondary crashes. However, the practical use of these approaches is inherently limited due 20 to a number of shortcomings, such as subjective thresholds and lack of traffic data. 21 To expand the capability of existing identification approaches, the objective of this paper is to 
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A number of studies have conducted research on identifying secondary crashes. within the pre-defined thresholds are dependent. As a result, a large threshold will overestimate the 41 frequency of secondary crashes whereas a short one will underestimate it. The lack of accurate 42 information on the incident duration and queue length makes it difficult to define appropriate thresholds.
43
In contrast to the static approach, several studies as shown in More detailed discussion on these data sources can be find in our study (41).
24
In this paper we propose the idea of creating a number of virtual sensors to capture the necessary 25 traffic data, through customized API. This idea is depicted in FIGURE 2. Step 1: Construct speed contour Maps (SCM). The speed measurements derived from the virtual 5 sensors are extracted to develop SCM similar to the one shown in FIGURE 6. Each cell in the figure   6 represents a speed measurement from virtual sensor on the studied highway at the that was activated every day between 22:00 and 23:00.
14
Step 2: Develop a representative speed contour map (RSCM). In order to automatically detect the 15 crash-caused congestion area shown in FIGURE 6, the SCM has to be compared with the normal traffic 16 condition. Therefore, a RSCM that represents daily incident-free conditions on a highway is developed.
17
Such RSCM can be constructed by the representative speed measurements. We propose to use the 18 percentile speed of the historical incident-free virtual sensor speed measurements of each cell as 19 the representative speed. The detailed procedure for obtaining the representative speed measurements is 20 described in our previous papers (13, 31) . by comparing SCM with RSCM in the next step.
27
Step 3: Construct a binary speed contour map (BSCM Step 4 
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are used, both crashes and will be classified as secondary crashes. 6 However, we can see that crash was a secondary crash as it occurred within the (marked) impact area 7 of the previous crash whereas crash was not a secondary crash because it did not occur within the 8 impact area. Crash and crash obviously have to be classified as independent crashes. In order to 9 identify secondary crashes along more highways, we cannot manually review these BSCM and crash 10 information. Therefore, an automatic identification algorithm has been developed to efficiently detect the 11 potential secondary crashes. The algorithm is described below as a step-by-step procedure. The key idea 12 is to detect whether later crashes (i.e., crash & crash ).is located in the impact area of the prior crash 13 (i.e., crash ). was not classified as a secondary crash. 8 The above algorithm was modified based on our previous identification algorithm (13) to 9 improve the calculation efficiency. It serves as one of the key components of the identification approach.
10
Other than the described steps, it is advised to follow the arrows in FIGURE 9 which will help 11 understand the logic of the proposed approach in a simplified manner. 12 The developed identification approach enables users to take advantage of the third-party open 13 source traffic data to explore secondary crashes in a larger scale. With the increased penetration of 14 smartphones and GPS use among travelers, the quality of these third-party data is also expected to 15 increase. This will provide more reliable traffic data sources for the virtual sensors based approach based sensor data and the virtual sensor output is necessary. This can help reveal the possible capabilities 5 and limitations of using virtual sensor data from private sector companies. For example, the output from 6 virtual sensor might not be as sensitive as the data from a loop detector in a rural area (because of low 7 penetration rate of GPS users). In addition, the potential of integrating the developed approach with many 8 existing traffic information systems to report secondary crashes in real-time deserves more attention. Last 9 but not least, the applications of the proposed approach in larger network analyses are advised to get more 10 tests. Its performances and sensitivity compared to the conventional methods deserve more exploration. Research Center (UTRC) for partially funding this study. The authors also thank for the insightful and 17 constructive comments and suggestions by the anonymous reviewers to help enhance this paper. 18 19 Highway Administration, Office of Transportation Operations. 
